ABSTRACT
INTRODUCTION
The discharge of mercury (Hg) into soils and aquatic systems from anthropogenic activities is of great environmental concern due to the potential transformation of inorganic Hg forms into methylmercury. In many countries of the developing world, Hg is still used in artisanal and small-scale gold mining operations. It is estimated that around 160,000 artisanal mine sites are spread in South America, Russia and Asia, releasing between 450 to 800 tonnes per year of metallic Hg into the environment (Lacerda, 2003; Veiga, 2004) . In the Brazilian Amazon, for instance, the figures point for around 2000 abandoned artisanal gold mine sites (Veiga and Hinton, 2002) . Phytoextraction removes metals from the soil subsurface through repeated cropping and safety storage of the harvested plant biomass following its accumulation in the aerial tissues (Brooks, 1998) . Plant species can be an economic alternative to conventional remediation technologies because they rely uniquely on the sun's energy to perform the remediation job. Research was carried out to investigate the feasibility of ligand-induced phytoextraction for the removal of Hg from contaminated mine wastes (Moreno, 2005) . Plant species were able to accumulate up to 100 mg/kg of Hg following treatment of the contaminated soil with Scontaining ligands (Moreno et al, 2004; Moreno et al, 2005) . One of the requirements for this study was the development of a protocol for the determination of Hg in plant and soil matrices. Hydride generation is a technique developed for the determination of hydride-forming metals and metalloids (Atkins and Jones, 1997) . Mercury can be converted in the gaseous form upon reaction with either stannous chloride (SnCl 2 ) or sodium borohydride (NaBH 4 ). However, SnCl 2 reduces only inorganic mercury. Total mercury determinations with this reducing agent will be possible only after all organomercury species have been decomposed into inorganic Hg. On the other hand, NaBH 4 has the ability to reduce both inorganic and organic Hg in the same sample solution, thus making this reducing agent potentially advantageous over SnCl 2 in the case of total Hg determinations (Oda and Ingle, Jr, 1981) . In this work, we describe the hydride generation method for the determination of total Hg in Hgrich plant and soil samples. The performance of the method was evaluated using the following criteria: 1) the generation of linear calibration graphs; 2) the detection limit; 3) the recovery of Hg in Hg spiked deionized water and plant samples; 4) the determination of total Hg concentration in a tailings reference materials of known Hg concentration; 5) a comparative analysis of total Hg concentrations in solutions and Hg-rich plant samples by an external certified laboratory.
MATERIAL AND METHODS

Standards and reagents
All the solutions were prepared using reverse osmosis (RO) water and the chemicals used were of analytical reagent grade. A Spectrosol Atomic Absorption (AA) solution of mercury nitrate HgNO 3 (1000 mg/L) was used as the primary standard (May and Baker, AAS standard reagent solution, England). Four working standard solutions were prepared during each analysis by appropriately diluting a 10 mg/L Hg solution in RO water. Liquid samples containing Hg were added to the Hg vapour-generation flask along with 10 mL of 0.5 M hydrochloric acid (HCl). Sodium borohydride (NABH 4 ) was used as a reducing agent to generate elemental Hg in a 5% NaBH 4 + 1% potassium hydroxide (KOH) w/v solution.
The instrument
The apparatus consisted of a nitrogen source, a peristaltic pump, a sodium borohydride container, a mercury-vapour generation flask (reaction vessel), an absorption tube and a GBC900 atomic absorption spectrophotometer (Victoria, Australia) (Figure 1) . A peristaltic pump was used to inject a single burst of NaBH 4 into the reaction vessel at a flow rate of 15 mL/min. Nitrogen gas was used as a carrier to transport the mercury vapour to the atomic absorption tube. The reaction vessel was a 75 mL pear-shaped glass flask mounted on a chassis. A Teflon bung with three inserted glass tubes sealed the vessel. Of the tubes, the first injected sodium borohydride, the second tube carried a continuous flow of lowpressure nitrogen gas into the sample. The last tube connected the reaction vessel to the absorption tube. The absorption tube was a silica tube with an input tube at one end and an exit at the other. The tube was located at the path of the GBC 900 AAS. An ICI mercury hollow cathode lamp operating at a wavelength of 253.7 nm and a lamp current of 3 mA emitted light according to the spectral line for Hg. The GBC 900 instrument was set in the flame mode and quantification of mercury concentration was achieved by recording the peak height of the Hg signal over a period of 30 seconds. Interference by non-atomic absorption was minimised by a background correction system that measures absorbance from a broad-band output deuterium lamp (D 2 ).
Mercury-rich plant samples
Mercury-rich plant samples were obtained in the field. A plot with a dimension of 5 x 5 m was established on sulfide-rich tailings of the abandoned Tui base-metal mine, Te Aroha, NZ. The total Hg content of the substrate was 2.82 ± 0.31 mg/kg (Moreno et al., 2004) . Seeding of the plot with B.juncea occurred after the substrate was fertilised with 5 g/L of Osmocote  (slow release fertiliser) at a rate recommended by the manufacturer. The pH was adjusted to 5.5 by the addition of lime. Organic matter in the form of compost was also added at 3.2 L/m 2 . Six weeks after seed germination, the plot was treated with sodium cyanide (NaCN) at 0.2 g/kg of substrate to induce Hg accumulation into shoot tissues. The plant biomass was harvested one month after treatment. 
Extraction procedure
The ammonium thiosulphate extraction method was used to extract Hg bound to the solid-phase of a talings reference substrate (Moreno et al., 2004) . One gram samples of substrate were weighed into 50 mL polypropylene centrifuge tubes in triplicate. After the addition of the (NH 4 ) 2 S 2 O 3 solution (20 mL at 2 g/L), the tubes were rotated in a shaker overnight at 45 rotations per minute (RPM) and the supernatant separated via centrifugation at 3000 RPM for three minutes.
Plant digestion
Harvested shoot tissues were washed in tap water and placed in a drying oven at 70 o C until a constant weight was obtained. After grinding, subsamples (0.5 g) were accurately weighed into 50 mL plastic pots before 15 mL of HNO 3 was added. The plant samples were left overnight then heated in a water bath at 80 o C for 1 h. Subsequently, the digest solutions were transferred to 10 mL polythene tubes and diluted with RO water to make a final volume of 10 mL.
Substrate digestion
Total Hg from tailings reference substrate was measured using aqua regia digestion. For this purpose, one-gram substrate-samples were weighed into 50 mL polypropylene pots in triplicate and a 15 mL solution of HNO 3 and HCl at 1:3 ratio was added. The samples were digested in a water bath at 80 o C for 1 h and the filtrates diluted to a final volume of 50 mL by adding RO water.
Accuracy of the method
The accuracy of the proposed method was assessed through Hg analysis of: 1) deionized water samples spiked with either HgNO 3 or HgCl 2 solutions to give a final Hg concentration of 125, 250, 500 and 1000 ng/mL and; 2) B.juncea plant digests spiked with HgNO 3 solution to give a final Hg concentration of 500 ng/mL.
Quality control assessment
The quality assessment of the hydride generation method was obtained by: 1) analysis of a tailings reference material obtained from the Department of Mining and Mineral Process Engineering (UBC, Vancouver, Canada) with a known concentration of 100 mg of Hg /kg of substrate; 2) ICP-MS analysis of total mercury concentrations in Hgspiked solutions and Hg-rich plant samples by a external certified laboratory (Hill Laboratories, Hamilton, NZ). 
Statistical analysis
A copy of SAS PC version 8e was used for statistical analyses (SAS Inst, 1988) . The t-test was used to compare two treatment means assuming equality of variances. Simple linear and polynomial regression models were used to interpret the relationships between the two variables. The significance of the fitted regression was assessed through the ANOVA and the coefficient of determination (r 2 ).
RESULTS AND DISCUSSION
Formation of Hg 0
There are several methods for hydride generation and collection and all have the following features in common: 1) a strong reducing agent to generate the hydride; 2) a heating device that decomposes the hydride, and 3) an atomic absorption measuring device which quantifies the amount of hydride produced (Robinson, 1994 
System Calibration
The hydride generation system utilised a flow rate of 280 to 320 mL/min for nitrogen and 15 mL/min for NaBH 4 . Under these conditions, linear calibration curves were obtained over the range of 125 to 1000 ng/mL of Hg (Fig. 2) . The limit of detection (LOD) for mercury was calculated using the general definition proposed by Harris (1986) . The LOD should correspond to the concentration of an element necessary to yield a net signal equal to two times the standard deviation of 10 blank measurements. For the Hg hydride generation method in this study the LOD found was 11.4 ng/mL. The reproducibility of the mercury signals (in terms of relative standard deviation) was 4.6%. This was determined by analysing 10 standards containing 1 mg/L of Hg.
Accuracy
The accuracy of the hydride-generation method for the analysis of water samples was investigated by spiking deionized water with two mercury species (HgCl 2 and HNO 3 ) at four different concentrations (125, 250, 500 and 1000 ng/mL). Table 1 showed that the recovery values for total mercury ranged from 88.5 to 94.3% for both Hg species added. Analysis of plant sample digests spiked with Hg at 500 ng/mL were also examined for accuracy at different sample volumes added to the reaction vessel. This was performed because Hg determination by cold vapour methods could present errors if oxides of nitrogen, incompletely oxidized organic vapours, or smoke, having absorption lines at 253.7 nm, were present in the liquid matrix (Mitra, 1986) . In the presence of such substances, a significant fraction of light emitted from the hollow cathode lamp is scattered and the absorbance can be substantially reduced. Figure 3 shows a strong negative correlation between the volume of the sample added to the reaction vessel and the relative peak heights for Hg in the AAS (r 2 = 0.99, p < 0.0001). For instance, at 0.25 mL of sample volume, the relative peak for Hg was not significantly different from the control (488 ± 67 and 500 ± 29, respectively, p > 0.05). However, as the volume increased from 0.5 to 3 mL, the relative peak height for Hg in plant tissue sharply reduced from 403 ± 38 to 182 ± 31).
Quality control assessment
The hydride generation method was validated by the analysis of total mercury concentrations in a reference tailings substrate, in Hg-spiked solutions and Hg-rich plant samples. The samples were analysed in triplicate and the results were compared with the total Hg analysis performed by an external certified laboratory. Figure 4 compares aqua-regia and (NH 4 ) 2 S 2 O 3 procedures to extract Hg from a tailings reference substrate containing 100 mg/kg of Hg. The use of 2 g/L of (NH 4 ) 2 S 2 O 3 resulted in significantly higher Hg recoveries when compared to the HNO 3 /HCl acid mixture (122.2 ± 9.4 mg/kg and 67.47 ± 11.2 mg/kg, respectively, t-test, p = 0.0056). The concentration of Hg recovered using the (NH 4 ) 2 S 2 O 3 procedure was in good agreement with the total Hg content of the reference substrate. Losses of Hg through volatilisation might have contributed to the discrepancy observed between the Aqua regia and the (NH 4 ) 2 S 2 O 3 extraction procedures. The comparative evaluation between the hydride generation method and ICP-MS analysis for the total Hg contents in spiked solutions and Hg-rich plant samples is shown in Table 2 . Total Hg concentrations determined in solutions using the hydride generation AAS method were in good agreement with the Hg values found by the certified laboratory. Mercury recoveries ranged between 88 to 103%. Table 2 showed that Hg concentration found in the Hg-rich biomass agreed reasonably well with the Hg concentration detected by the ICP-MS method. Analysis by the hydride generation method reported 84 % of the Hg reported by analysis using ICP-MS. This difference was shown to be statistically significant (t-test, p = 0.0069). Figure 5 shows the relative peak heights for the Hg concentration in the Hg-rich biomass of B.juncea as a function of the volume of sample added to the reaction vessel. On average, the relative peak height Hg decreased significantly from 4.95 ± 0.29 to 1.02 ± 0.17 as the sample volume increased from 0.25 to 3 mL (r 2 = 0.979, p = 0.0002). As demonstrated previously, the presence of oxidized plant tissues in the liquid matrix significantly interfered with the analytical response of the hydride-generation method.
In conclusion, the hydride generation method has been proven to be accurate for the determination of Hg in an acid matrix of soil and plant samples with a limit of detection as low as 11.4 ng/mL. In the presence of oxidised plant tissues in the liquid matrix, however, analytical precision of the equipment decreased significantly as the volume of the sample added to the reaction vessel increased. In order to improve the analytical precision of the equipment for Hg analysis in plant samples, not more than 0.25 mL volume of this sample type should be added to the reaction vessel. Because Hg determination was done on plant samples with high Hg content, detection of Hg could be achieved at 0.25 mL of sample volume. However, for plant samples with low Hg content, the Hg signal could be within the limit of detection of the machine. Concentrating the Hg mass in the liquid matrix (increasing the amount of plant tissue to be digested or reducing the dilution factor of the sample) could solve this problem. 
RESUMO
Um protocolo para análise do mercúrio (Hg) em amostras líquidas de solo e tecidos vegetais enriquecidos com Hg foi desenvolvido com base na técnica de geração de hidretos. O limite de detecção para este método foi de 11.4 ng/mL. A reproducibilidade do método (calculado com base no desvio padrão relativo) foi de 4.6%. A precisão do método foi verificada pela análise de amostras de água deionizada contendo HgCl 2 and HgNO 3 . Os valores de mercúrio total recuperados variaram de 88.5 a 94.3% para ambas as espécies testadas. O método analítico foi validado por um laboratório externo certificado com discrepância máxima de 15 %. O desempenho analítico do equipamento para análise do mercúrio em tecidos vegetais foi considerado ótimo para volumes de amostra de até 0.25 mL. 
